Purpose. The study aimed at determining the relationships between muscle architecture and badminton-specific physical abilities. Methods. The total of 30 university level badminton players (mean age: 22.1 ± 1.4 years) were recruited as participants and underwent assessment of muscle architecture and badminton-specific physical abilities. Pennation angle, fascicle length, and muscle thickness of vastus medialis, vastus lateralis, rectus femoris, and biceps femoris were determined with ultrasonography for muscle architecture variables. Lunge one repetition maximum (1RM), lunge relative 1RM, standing long jump, vertical jump, and agility t-test were performed for physical abilities. The relationship between all muscle architectures and physical abilities was determined with the use of Pearson correlation. Results. The results showed that the pennation angle and muscle thickness were positively correlated while fascicle length was negatively correlated with the physical abilities except for the agility test. Conclusions. The study demonstrates that the possibilities of training performed by athletes affect their muscle architecture; further studies are required to examine how different kinds of training affect muscle architecture, which can then influence performance in sports.
Introduction
Performance of sport-specific movements is largely controlled by muscles around the limbs. The efficiency of these skills could be improved by examining the details of the muscles and their relationship with the required movements. Muscle architecture is the physical arrangement of muscle fibres. Several parameters can be distinguished in muscle architecture, including muscle thickness, pennation angle, and fascicle length. Muscle thickness is measured from an aponeurosis to another aponeurosis ( Figure 1 ). Muscle thickness could be related to muscle size, i.e., muscle thickness increases in tandem with muscle size. Pennation angle is the direction of fascicle form the aponeurosis to another aponeurosis (Figure 1 ). The increment in penna- tion angle will cause the cross-sectional area of the muscle to have more fibres. As a result, the muscle would be able to generate more force [1] . Fascicle length, in turn, is the distance of fascicle from aponeurosis to another aponeurosis (Figure 1) . A greater fascicle length was thought to represent either a bigger number of sarcomeres in line or longer sarcomeres [2] . Sarcomere is the contractile element in the muscles. The increment of the length of the contractile element will enable faster contraction and more force that can be applied at an increasing velocity [3] .
Several researchers have found that different muscle architecture elicited different advantages for specific movements. For example, a larger pennation angle was observed to be more beneficial during jumping movements [2, 4] . In contrast, a lesser pennation angle seems more beneficial during sprint movements [5] [6] [7] .
besides, longer fascicles were noted to be more beneficial for vertical jumps [2, 4] and sprinting performance [5] [6] [7] owing to the muscles' contractions at relatively fast shortening speeds in order to exert large forces. In contrast, shorter fascicles were found more beneficial for long distance running [5, 8] because of the movement economy that is required for such events.
badminton is a sport that involves a lot of high intensity movements [9] , including fast accelerations, decelerations, and rapid changes of directions over short distances [10] [11] [12] [13] . badminton players need to be agile and have the ability to perform multiple lunge movements, especially during attempts to return the shuttlecock dropped near the net. They also need to perform multiple jumping movements that are critical during the attempt to execute forearm smashes.
To the best of the authors' knowledge, no studies to date have attempted to examine the relationship of muscle architecture with sport-specific physical movements, such as in badminton. Thus, this study aimed to investigate the relationship between muscle architectures of the lower body and the badminton-specific physical abilities. The badminton-related movements were measured by the lunge, jumps, and agility tests. It is hypothesized that a significant relationship exists between muscle architecture and the badminton-specific physical abilities.
Material and methods

Experimental approach to the problem
The participants were familiarized with test protocols before being tested on 2 occasions within 24 hours.
The first testing session involved data collection on the anthropometrics and muscle architecture with the use of ultrasonography. during this session, the participants' body mass, height, and muscle architecture were determined. Physical ability tests were conducted in the second testing session. Correlation analysis was performed to determine if the participants' lower body muscle architectures were related to physical abilities.
Participants
The total of 30 university level badminton players, currently active participating in university level badminton tournaments (mean age: 22.1 ± 1.4 years), were recruited for the study. They had no medical problems and were screened with the Physical Activity Readiness Questionnaire (PAR-Q) prior to testing.
Image analyses
The muscle thickness, pennation angle, and fascicle length of biceps femoris (bF), rectus femoris (RF), vastus lateralis (VL), and vastus medialis (VM) muscles were measured with b-mode ultrasonography (F37, Aloka Ltd., Tokyo, Japan). All measurements were conducted on the participant's self-reported dominant side.
during the measurement, the ultrasound probe was positioned longitudinally to the muscles examined [14] . The probe positioning was maintained with equal contact pressure during all measurements. The bF muscle architecture was determined in participants lying prone with the leg straight in a resting position. The measurements of VL, VM, and RF pennation angle and muscle thickness were conducted in participants lying supine with the leg straight in a resting position [15, 16] . The fascicle length was calculated in accordance with the following equation [17] : fascicle length = muscle thickness sin (pennation angle) All measurements were performed by the same technician to ensure construct validity. The intraclass correlation coefficients (ICC) for repeated scanning of muscle architecture measurements as performed by the researcher ranged from 0.9 to 0.95 (p < 0.001).
Forward lunge one repetition maximum
The multiple-repetition maximum testing protocol was conducted for the one repetition maximum (1RM) lunge (ICC: 0.92-0.97, p < 0.001), as indicated in the guidelines of the National Strength Conditioning Association [18] . The participants were instructed to stand with their hands holding a barbell placed on their shoulders, with their feet shoulder width apart. They lunged forward with their dominant foot and lowered the thigh until parallel with the ground, and then returned back to the starting position. They were required to take a big step forward during downward position, with the leading knee not extended beyond the toes of the same leg. The non-dominant foot was not to move from its starting position, and the head had to face forward for neutral neck position. Each participant was given 3 trials on each of the loads tried. The dominant foot was determined by asking the badminton players which limb they preferred to kick a ball [19] .
Vertical jump
Vertical jump equipment (Vertec, USA) was used to measure the vertical jump height (ICC: 0.90-0.95, p < 0.001). The test commenced with setting the Vertec in which the standing height of the participant with one arm fully extended upward was taken to set the lowest vane. The participant then jumped and touched the highest possible vane. The players were allowed to swing their arms and bend their knees as to mimic the real movement in badminton. The jump height was measured as the difference between the standing height and the jumping height. The participants were given 3 trials and the greatest jump height was taken as the vertical jump score.
Standing long jump
A standing long jump mat (Trident, Malaysia) was used to measure the standing long jump distance (ICC: 0.88-0.96, p < 0.001). The participants were to jump as far as possible, landing on both feet, without falling backwards. Three trials were given and the greatest distance was taken as the standing long jump score.
Agility t-test
Four cones were set up as illustrated in Figure 2 . The participants started with ready position and stand behind the line at cone A. They sprinted to cone b, and then shuffled sideways to cone C, cone d, and then cone b. Each time the participants arrived at cone b, C, and d, they were to touch the base of the cone. Lastly, the players ran backwards to cone A. The ICC range was 0.85-0.90 (p < 0.01).
Statistical analyses descriptive data and mean scores were analysed with the use of descriptive statistics. Pearson correlation was applied to determine the relationships between muscle architecture and all the physical abilities tested. The value of p < 0.05 was set as the indicator of statistical significance. The SPSS software version 23 (IbM, New York, USA) was used to conduct all the statistical analyses.
Ethical approval
The research related to human use has been complied with all the relevant national regulations and institutional policies, has followed the tenets of the declaration of Helsinki, and has been approved by the authors' institutional review board or an equivalent committee.
Each participant read and signed the informed consent for testing approved by the Sultan Idris Education University and Thaksin University Ethics Committee (code E 060/2559).
Informed consent
Informed consent has been obtained from all individuals included in this study. Table 1 presents the physical characteristics of the participants involved in the study. Table 2 shows the means and standard deviations of the physical abilities scores among the participants. 
Results
Discussion
The major finding in this study was that there were relationships between some of the muscle architecture factors and the physical performance in badminton. Table 3 provides the correlation analyses of vastus lateralis muscle thickness (VLMT), vastus lateralis pennation angle (VLPA), vastus lateralis fascicle length (VLFL), vastus medialis muscle thickness (VMMT), vastus medialis pennation angle (VMPA), vastus me-Almost all the muscle architectures examined in the study were shown to have significant relationships with lunge 1RM and relative 1RM, except for the fascicle length of VM and bF. Muscle thickness and pennation angle turned out positively correlated, while fascicle length proved to be negatively correlated with the lunge 1RM. The results of the study were in line with those obtained by Nadzalan et al. [20] among untrained men. It was also found that the muscle architectures examined were able to predict the absolute score of strength better than the relative score.
The muscle thickness and pennation angle of VM, RF, and bF, as well as the pennation angle of VL were shown to be positively correlated, while the fascicle length of VL and RF proved negatively correlated with the vertical jump performance, which was measured by vertical jump height in this study. besides, the muscle thickness and pennation angle of RF and bF, as well as the muscle thickness of VM were positively correlated with the standing long jump performance, while no relationships were found for the fascicle length for all the muscles. This was the first study to examine the relationship between muscle architecture and horizontal jumping performance (i.e. standing long jump). Previous studies on squat, countermovement, and drop jumps indicated that individuals having thicker muscles, greater pennation angles, and shorter fascicles performed better in the jumps, which supports the findings of this study.
Also, this was the first known study to examine the relationships of muscle architecture with the agility performance. The results showed that the muscle thickness of VM and RF, as well as the pennation angle of bF were negatively correlated with the agility t-test performances. No significant relationships were found with the fascicle length of all the muscles examined in the study. No previous research has examined the relationship of muscle architecture and agility performance, although some [5] [6] [7] proved that thicker, less pennated, and longer fascicles were more beneficial for sprinting performance.
overall, greater pennation angle and muscle thickness were found to be positively correlated with strength and jumping performance. This argument is logical since the number of fibres increased in thicker and more pennated muscles enhances the force production ability [21] .
on the basis of the results one can state that the increasing pennation angle that contributes to the rising physiological cross-sectional area [2] will allow high force to be produced during this movement. Contrasting with squat, lunge is a more complex movement, in which both the downward and upward phases need to be critically controlled by the performer because of the instability imposed by one foot. The lunge movement requires high control during the eccentric phase to make sure that no uncontrolled movement happens to the knee or ankle that could lead to their injury.
In contrast to the lunge 1RM and jumping performance, the study revealed that pennation angle and muscle thickness were negatively correlated with agility performance. This was in line with what had been observed for sprinting performance [5] [6] [7] . besides, this study also showed that participants with shorter fascicles were able to lift more loads during the lunge and produced better performance during vertical and standing long jump as well. This demonstrated the effectiveness of shorter fascicles to control the increased eccentric forces during the descent phase of lunge movement and during the push off during the concentric phase, suggesting that longer fascicles are not highly capable in dealing with large contraction forces. Earp et al. [2] suggested that this condition might be explained by the behaviour of the longer fascicles that have more potential places of fascicle disruption, which can contribute to higher fascicle instability. Future research could attempt to examine the hypothesis.
Some previous studies examined the effects of resistance training on muscle architecture [21] [22] [23] [24] [25] [26] . It has been found that different resistance training programs might cause different changes to the fascicle pennation angle. Heavy resistance training was shown to result in an increment of muscle cross-sectional area, fascicle thickness, and pennation angle [22, 27] . bloomquist et al. [26] observed muscle thickness and pennation angle increase as a consequence of deep and shallow squats but no difference between groups was shown. Nonetheless, conflicting results were obtained in some studies that found no changes, or even reported a decrement in the pennation angle owing to resistance training [16, 28] . The contrasting outcomes could be due to the different training loads and velocity of movement applied in those studies. Thus, more research is required to develop better understanding of the effects of various training processes on the adaptation of muscle architecture.
Conclusions
overall, the study demonstrated the existence of relationships between lower body muscle architecture and strength and jumping performance. The findings suggest the importance of having thicker, more pennated, and shorter fascicles of lower body muscles for enhancing strength and jumping performance among badminton players. It is recommended that future studies are conducted on examining the effects of different training regimes or protocols on muscle architecture. The selected exercises should depict the movements characteristic of badminton, such as squats for vertical-jump smash based movement and lunges for horizontal court based movement. In contrast to traditional strength training, which requires individuals lifting heavy loads for bigger and thicker muscles, badminton demands speed and power in movement, which could be disrupted by muscles that are too big and too thick. Thus, future studies can also be conducted on the effects of velocity-specific hypertrophy training on the muscle architecture and sports performance.
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